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Although OSA is clearly associated with CVD, the pathophysiology that underlies this association remains unclear. Several physiologic links between OSA and CVD have been observed in recent years, including increased sympathetic nerve traffic, impaired vagal activity, and insulin resistance. 9, 10 Recent advances in our understanding of CVD risk at the molecular level suggest that regulation of homeostatic mechanisms such as systemic inflammation, 11 coagulation, 12 and endothelial function is altered in subjects with CVD, and such alterations may represent a state of "preclinical" CVD. [13] [14] [15] Similar abnormalities have been described in OSA subjects even in the absence of known CVD or contributing comorbidities. 16 Many of these abnormalities improve with continuous positive airway pressure (CPAP) therapy, suggesting that, if sleep-related pathophysiology does directly contribute to CVD risk, this risk may be attenuated to some degree by OSA treatment. [15] [16] [17] Albuminuria independently predicts cardiovascular events in subjects with and without established cardiovascular risk factors. 18, 19 Albuminuria in subjects with diabetes may reflect a state of microvascular endothelial dysfunction, and therapies directed at reducing albumin excretion rates have been shown to slow the progression to overt kidney failure and attenuate cardiovascular disease risk in this population. 20, 21 Increased rates of urinary albumin excretion may also portend a greater risk for cardiovascular events in hypertensive individuals. 22 The urinary albumin-to-creatinine ratio (ACR) has been shown to reliably estimate urine albumin excretion in a broad range of subjects. 23 Furthermore, race-and sex-specific methods of urinary ACR calculation exist that adjust for baseline variation in creatinine excretion between these populations. 24 While frank proteinuria has been previously observed in small, select populations of adult and pediatric subjects with OSA, the presence of overt glomerular dysfunction in many of these individuals confounds this observation. 25, 26 The relationship between OSA and microalbuminuria in adult individuals with intact glomerular filtration has not been previously described.
The purpose of this study is to define the relationship between OSA severity and race-and sex-adjusted ACR (aACR). We hypothesize that increased OSA severity will be independently associated with increased urinary aACR levels. Additionally, we will explore the extent to which associations with urinary albumin excretion and OSA are moderated by diabetes and hypertension.
METHODS

Sample
Subjects were participants in the Cleveland Family Study, an ongoing cohort study exploring the natural history and genetic epidemiology of OSA. Recruitment methods and data collection have been previously described. 27 Briefly, subjects were recruited as members of families of probands with laboratory-confirmed OSA and from neighborhood control families. Out of 2462 cohort members, 735 were selected to undergo in-depth cardiovascular and metabolic risk factors assessment based on expected informativity for genetic analyses, as described elsewhere. 28 Of the 735 participants, 644 were adults (≥ 16 years of age; data from subjects younger than 16 years were not included in this study), and 574 were not currently receiving CPAP treatment. We excluded 78 individuals due to: missing aACR data (n = 3); pregnancy or active menstruation at the time of sample collection (n = 37); and/or medical conditions, including macroalbuminuria (aACR ≥ 250 mg/g) (n = 18), systemic inflammatory illnesses (i.e., connective tissue diseases, sarcoidosis, multiple sclerosis, lupus), and kidney disease; and/or use of medications that may influence urinary albumin excretion or renal function (i.e., steroids, lithium) (n = 20). To avoid indication bias, we included subjects taking medications that could potentially influence urinary albumin excretion, such as HMG-CoA reductase inhibitors (n = 57, 11.6%) and angiotensin converting enzyme inhibitors (n = 68, 13.7%). These medication classes were examined in multivariable models, and none were significantly associated with aACR, nor were they confounded with AHI. The sample included 18 subjects who had reported CPAP use in the past. They were included in the analysis, since it was difficult to quantify the regularity of their use of CPAP and sensitivity analyses showed no appreciable differences in the results when these 18 subjects were excluded. Thus, the final analytic sample consisted of 496 subjects.
Protocol
The protocol was approved by the University Hospitals of Cleveland Institutional Review Board, and written informed consent was obtained for all participants. Participants were studied in a dedicated clinical research facility and underwent overnight polysomnography and overnight collection of voided urine, venipuncture, and physiologic and anthropometric assessments. Height was measured using a rigid stadiometer, and weight with a calibrated digital scale. Three blood pressure readings at each of 3 times (2200, 0700, and 1000) were obtained following standardized guidelines using a calibrated sphygmomanometer. 29 Information on medical illnesses, medications, and symptoms was obtained from a standardized questionnaire. 30 
Sleep Data
The polysomnography recording consisted of 2 electroencephalograms, bilateral electrooculograms, a bipolar submental electromyogram, thoracic and abdominal respiratory inductance plethysmography, airflow (by a nasal-oral thermocouple and nasal pressure recording), finger pulse oximetry, electrocardiogram, body position, and bilateral leg movements. Studies were scored by 1 research technologist. Sleep staging and arousals were based on standard criteria. 31, 32 Apneas and hypopneas were defined using Sleep Heart Health Study criteria, modified to include the nasal pressure signal. 33 Respiratory events were identified as a clear (> 30%) decline in airflow (from thermocouple or nasal pressure signals) or respiratory effort (from inductive respiratory bands) for at least 10 seconds associated with an oxygen desaturation of at least 3%. Corroborative arousal was not used in the scoring of respiratory events.
Urinary Albumin Excretion
The methods for measurement of urinary albumin and creatinine levels and for estimation of albumin excretion rates have been previously described. 24 Overnight urine was collected between 2200 and 0600. Aliquots were adjusted to maintain a pH between 6.8 and 7.2. Albumin levels were detected by nephelometry using monoclonal antibodies to human albumin. Creatinine levels were determined using the Jaffe method and adjusted for sex and race using published formulae. 24, 35 The aACR was defined as [urine albumin (mg)]/k[urine creatinine (g)]], where k represents a sex-and race-dependent correction factor. 24 Microalbuminuria was defined as an aACR between 25 and 250 mg/g.
Exposure
The primary exposure was the apnea-hypopnea index (AHI; number of respiratory events [apneas or hypopneas] recorded per sleep hour). AHI was categorized into 4 groups: low (AHI < 5), mild (AHI 5-14), moderate (AHI 15-29) and severe (AHI ≥ 30).
Covariate Data
Blood pressure was determined as the average of 9 measurements. Individuals were considered hypertensive if average systolic blood pressure was 140 or greater, diastolic blood pressure was 90 or greater, or the use of blood pressure medications in the past year was reported. Body mass index (BMI) was computed as the ratio of weight to the square of height (kg/m 2 ). Individuals with a fasting glucose of 126 or greater, who were taking medicine for diabetes, or who had a doctor's diagnosis of diabetes were classified as diabetic. Current smokers reported smoking at least 1 cigarette per day over the past month. Cystatin-C, a serum measure of glomerular filtration rate, was assayed with a BNII nephelometer (Dade Behring Inc., Deerfield, Ill.) using a particleenhanced immunonepholometric assay (N Latex Cystatin-C). 34 Glomerular filtration rate (GFR) was calculated from serum cystatin-C levels and sex-corrected as described by Grubb et al. 36 
Statistical Analysis
Subject characteristics, sleep indices, and aACR were summarized using means, standard deviations, and medians for continuous variables and counts and proportions for categorical variables. Univariate analyses showed that aACR level distribution was right-skewed; therefore the outcome was transformed using the natural logarithm (ln) to achieve approximate normality.
Spearman correlations were used to provide a preliminary assessment of the linear relationship between AHI, BMI, GFR, and aACR, ignoring the familial correlation. Generalized estimating equations with an exchangeable within-family correlation structure and robust variance estimate were used to examine relationships between continuous and categorical covariates (e.g., microalbuminuria). Linear mixed models, with family as a random effect to account for the intrafamilial correlation, was used to examine relationships with ln(aACR). To assess the relationship between AHI category and aACR, 3 sets of linear mixed models were fitted: unadjusted for covariates (model 1), adjusted for subject characteristics (age, sex, race, BMI, and GFR) (model 2), and adjusted for subject characteristics as well as comorbidities (hypertension and diabetes) (model 3). Exploratory analyses and residual diagnostics showed a quadratic relationship between age and aACR; thus, an age-squared term was added to the adjusted models. Continuous covariates were centered to their mean value to enhance interpretability and decrease collinearity between the age and age-squared terms. Additional covariates, including smoking, known CVD, angiotensin converting enzyme inhibitor use, and HMG-CoA reductase inhibitor use, were evaluated in model 2, and statistically significant effects were retained. Since hypertension and diabetes both promote urinary albumin excretion, we wished to determine whether sleep apnea severity influenced urinary albumin excretion differently in the presence of either of these 2 diagnoses. Thus, if the main effect of AHI was statistically significant in model 3, 2-way interactions between hypertension and AHI, as well as between diabetes and AHI, were evaluated. Secondary sensitivity analyses included refitting the 3 models excluding the 30 participants with moderate kidney dysfunction (GFR < 60). To control for the family-wise error rate, the Bonferroni-Holm step-down procedure was used for pairwise comparisons of AHI group. 37 The results of the linear mixed models are summarized via regression coefficients and standard errors on the ln-scale in the tables, and adjusted geometric means with 95% confidence intervals are displayed for the AHI groups in text and Figure 1 . The data were analyzed using SAS version 9 (SAS Institute Inc., Cary, NC). Table 1 Approximately half of the sample were men (44.4%), and half were African American (56.3%). Roughly one-third (34.7%) had hypertension, with a smaller proportion of subjects having diabetes (12.7%). A wide range of OSA severity was observed; approximately half (47.0%) of the sample had an AHI less than 5, 23.4% were in the mild range (AHI 5-14), 14.7% were in the moderate range (AHI 15-29), and 14.9% were in the severe range (AHI ≥ 30). Not unexpectedly, participants with more severe OSA tended to be older and heavier, with higher proportions of men, those with diabetes, and those with hypertension.
RESULTS
Subject characteristics are shown in
The distribution of urinary albumin levels and estimates of GFR for the analytic sample and by AHI category are provided in Table 2 . aACR correlated positively with AHI (r = 0.19, 95% confidence interval [CI]: 0.11,0.27), P < 0.001). Participants with an AHI of at least 30 had significantly higher mean aACR levels, compared with each of the other 3 AHI groups (all P values < 0.0003). Similarly, participants with an AHI of at least 30 had the highest prevalence of microalbuminuria, whereas those with . AHI refers to apnea-hypopnea index.
Albuminuria and Sleep Apnea-Faulx et al an AHI less than 5 had the lowest prevalence (20.3% vs 4.7%, P = 0.0002). Subjects in the most severe AHI group also had significantly lower mean GFR levels compared with those in the AHI less than 5 group (P = 0.0080). Spearman correlations, however, showed that aACR and GFR were not significantly associated (r = 0.03, 95% CI: -0.06, 0.11), P = 0.567).
The results of the primary analysis assessing the association between AHI category and ln (aACR) in unadjusted and adjusted linear mixed models are shown in Table 3 and Figure 1 . AHI level was significantly associated with ln(aACR) in all 3 regression models. In the unadjusted model (model 1) as well as the model adjusted for subject characteristics and GFR (model 2), pair-wise comparisons revealed that subjects with an AHI of at least 30 had significantly higher mean aACR levels, compared with each of the other AHI categories (e.g., model 2: AHI ≥ 30: 7.87 ± 1.02 mg/g vs AHI < 5: 5.08 ± 0.41 mg/g, P < 0.0057). Results of model 3, which additionally adjusted for diabetes and hypertension, showed a similar pattern. In this model, subjects with an AHI of at least 30 had significantly higher aACR levels, compared with each of the other AHI groups without correcting for multiple comparisons.
After correction, those with an AHI of at least 30 had significantly higher mean aACR levels, compared with subjects with mild OSA (AHI 5-14.9) (7.10 ± 0.89 vs 4.74 ± 0.43, P = 004). Significant interactions between AHI and hypertension and AHI and diabetes were not found (P > 0.10).
Secondary sensitivity analyses explored the association between AHI and aACR excluding the 30 participants with a GFR less than 60 mL/minute, indicative of moderate kidney dysfunction. Although the effect of AHI was somewhat attenuated, the pattern of results was consistent with those of the primary analyses. AHI was significantly associated with aACR in unadjusted and adjusted models (β coefficient 0.22, P = 0.034 for AHI ≥ 30 after adjusting for subject characteristics, comorbidities and GFR), and participants in the most severe AHI category had the highest mean levels of aACR.
DISCUSSION
We have demonstrated that the presence of severe OSA is significantly associated with increased urine albumin excretion, and Data are presented as number (%) for categorical variables and mean ± SD (median) for continuous variables. Adjusted albumin-to-creatinine ratio (aACR) and glomerular filtration rate (GFR) based on Cystatin C levels, as described in the methods). aACR refers to adjusted albumin-to-creatinine ratio; AHI, apnea-hypopnea index; BMI, body mass index; GFR, glomerular filtration rate.
Albuminuria and Sleep Apnea-Faulx et al this association, while modest, remains significant after adjusting for the presence of confounding factors such as obesity, diabetes, or hypertension. More modest levels of OSA were not associated with increased albuminuria. The observed associations were independent of GFR, as demonstrated by analyses that adjusted for estimated GFR or that excluded individuals with a GFR less than 60 mL/minute. To illustrate our findings in a more clinical light, we compared the magnitude of the association between OSA and urinary albumin excretion to that of hypertension and urinary albumin excretion. Our models estimate that the potential influence of severe OSA on aACR is essentially equivalent to that of hypertension. Specifically, adjusted mean aACR levels are estimated to be 1.36 mg/g higher in subjects with OSA, compared with subjects with an AHI less than 5, and 1.47 mg/g higher in subjects with hypertension, as compared with subjects without hypertension. Urinary albumin excretion in individuals with OSA may result from the influence of sleep-related pathophysiologic changes (i.e., intermittent hypoxemia, increased sympathetic nerve traffic) on glomerular endothelial function. Albuminuria has been shown to correlate with indices of systemic endothelial dysfunction, and the presence of albumin in the urine, even in nondiabetic, nonhypertensive individuals with normal renal function, may be considered a measure of systemic endothelial dysfunction detected at the glomerular level. 38 Since prior studies have demonstrated that endothelial dysfunction exists in otherwise healthy subjects with moderate to severe OSA, 39, 40 the association between albuminuria and OSA in this study is not particularly surprising. Although evidence implicating OSA as a direct cause of CVD is lacking, this study adds plausibility to the notion that sleep apnea-related pathophysiologic changes directly influence systemic CVD risk markers and illustrates the need for further mechanistic study in this area.
One might question whether OSA promotes urinary albumin excretion through its association with hypertension and diabetes. OSA is now considered a treatable cause of hypertension, and hypertensive subjects with urinary albumin excretion rates as low as 5 mcg/minute (7.2 mg/day) carry a significantly increased risk for incident coronary artery disease and death. 2, 41, 42 There is increasing evidence that OSA is associated with impaired glucose tolerance, as well as with diabetes. 43 Urinary albumin excretion is prevalent in the diabetic population in which microalbuminuria is considered not only a risk factor, but also a target for therapeutic intervention. 21, 42 Additionally the presence of the metabolic syndrome, common in subjects with OSA, appears to accelerate urine albumin excretion and magnifies cardiovascular risk in hypertensive subjects. 43, 44 In the present study, we show that urinary aACR levels are significantly increased in subjects with severe OSA after adjusting for the presence of hypertension and diabetes, suggesting that OSA may directly influence urinary albumin loss. Furthermore, the association of OSA with urinary albumin excretion does not appear to be moderated by the presence of hypertension or diabetes. Thus, our findings suggest that the increased urinary aACR levels observed in subjects with severe OSA may be due to the presence of OSA itself rather than confounding comorbidities.
Although microalbuminuria (typically defined as the daily excretion of 30 to 300 mg of albumin, or ACR 25-250 mg/g) is strongly associated with CVD in the medical literature, 19 ,46 Albuminuria and Sleep Apnea-Faulx et al urinary ACR levels and albumin excretion rates well below the microalbuminuria level are associated with an increased risk for hypertension, CVD, stroke, and major adverse cardiovascular events. 18, 19, 47 Although most of our study subjects had aACR levels below the microalbuminuria range, current literature suggests that albumin excretion rates comparable to those seen in our subjects with more severe OSA reflect the presence of endothelial dysfunction and imply some degree of increased CVD risk. Furtner and colleagues explored the relationship between urine albumin excretion and arterial atherosclerosis in the general population in Italy. 18 Subjects in the upper quintile for urine ACR (range 8.27-17.41 mg/g) were twice as likely to have carotid and/or femoral artery atherosclerosis detected by ultrasound than those in the first quintile (0.28-3.47 mg/g). In another study, healthy men and women with urine ACR levels greater than 6.67 and 7.49 mg/g, respectively (fourth quartile) were twice as likely as individuals with ACR levels in the first quartile to develop hypertension within 3 years. 47 In our study, the median aACR for subjects with severe OSA was 7.6 mg/g; 75% of these subjects had aACR levels greater than 4.1 mg/g and 25% had ACR levels greater than 15.7 mg/g. Albumin excretion rates in this range are clearly associated with an adverse cardiovascular risk profile.
Our study has several strengths. First, we studied individuals with a wide range of OSA severity that allowed for the exploration of a dose-response relationship with aACR. Additionally, we rigorously collected information on exposure and outcome measures, as well as potential confounders, in a dedicated clinical research facility staffed by trained personnel following a standardized protocol. We used as our primary outcome measure the aACR, a simple index of cardiovascular risk that has been validated as a potent predictor of incident cardiovascular disease in several study populations. 18, 19, 47 Our ability to adjust ACR to account for race-and sex-related differences in creatinine clearance made us more confident that our results were not biased by race and sex differences. 24 We also accounted for the potential influence of unrecognized kidney disease on albumin excretion rates by estimating GFR from plasma cystatin-C levels. The latter is a reliable validated assay that is felt to provide a more accurate assessment of glomerular function than serum creatinine alone or GFR estimated from serum and urine creatinine using the Cockcroft-Gault formula. 36, 48 In our sample, the mean GFR for each AHI group was well within the normal range, and the number of study subjects with significant kidney disease was small. When these subjects were excluded from analysis, our findings did not appreciably change.
There are several limitations that should be addressed. One limitation is that the participants in our study with more severe OSA were generally obese men, and more than half had hypertension. However, this is the population commonly encountered in the clinical setting, so our results may have broader clinical applicability than if we had studied a more select group. Although individuals with severe OSA were older, were more obese, and had a higher prevalence of hypertension and diabetes, there was sufficient overlap of these characteristics across our relatively large sample to allow for the statistical adjustment of these factors. We also included community control subjects without OSA. Further, by excluding individuals with low GFR estimates, we were able to eliminate occult renal disease as an explanatory factor for our observed findings.
Our findings have potential clinical implications. Cardiovascular disease affects many individuals with OSA, and the onset of clinically apparent cardiovascular disease may be preceded by a prolonged period of "preclinical" disease characterized by asymptomatic endothelial dysfunction.
14 Furthermore, CVD risk appears to vary considerably among subjects with OSA. 4 Early detection of end-organ (e.g., endothelial) dysfunction with measures such as urinary aACR may allow for the selection of higher risk populations who may benefit from closer medical follow-up or preventive pharmacotherapy. Although randomized, controlled intervention trials targeting microalbuminuria in subjects with OSA are lacking, data from such a trial in subjects with the metabolic syndrome showed significant clinical benefit in subjects with albuminuria who received pravastatin. 49 Urine aACR measurement is a safe, inexpensive, readily available test that can be performed in an office setting. If clinical benefit from preventive therapy for microalbuminuria in OSA is confirmed in clinical trials, urine albumin measurement may play a role in the management of OSA comparable to the role it presently plays in the management of diabetes mellitus.
In summary, we have demonstrated that severe OSA is independently associated with increased urine albumin excretion, a marker of both endothelial dysfunction and cardiovascular disease risk. This study provides further evidence supporting the hypothesis that sleep apnea-related pathophysiology independently contributes to systemic cardiovascular risk and extends prior research by suggesting the presence of glomerular endothelial dysfunction in subjects with OSA. Overnight urinary albumin excretion may serve as a marker of OSA severity and CVD risk in patients with sleep apnea. Further study of endothelial dysfunction, including assessment of renal vascular changes, in subjects with OSA may provide additional insights into the high prevalence of cardiovascular disease in this population.
